Global warming represents a challenge to the survival of phytoplankton organisms, which are the basis of the aquatic food web and drive essential biogeochemical cycles. We propose a direct experimental research mimicking temperature-increasing scenarios as a novel way to explore the adaptation of phytoplankton to predicted future thermal scenarios. This vulnerability analysis of individual phytoplankton species to increased temperature is key to understand the impact of global warming on aquatic ecosystems. Considering the polyphyletic complexity of the phytoplankton community, we compare the adaptation ability of diverse phytoplankton species from oceanic, coastal and inland waters to global warming, evaluating the role played by physiological acclimatization and genetic adaptation. We found that physiological acclimatization allows survival under the lowest temperature increase. Afterwards pre-existing genetic variability allow some genotypes to survive. Finally, when the temperature rises to a certain threshold, only the occurrence of new mutations that confer thermal resistance assures adaptation. Our results also reveal diverse degrees of tolerance to temperature increase among the different functional groups of phytoplankton, with great inter-specific capacity for genetic adaptation.
Introduction
There is a broad consensus that global warming is a huge challenge for life worldwide if the present trend of temperature rise continues (Wrona et al., 2006) . The majority of studies aimed at addressing the effects of climate change on ecosystems (e.g. Stenseth et al., 2002; Walther et al., 2002; Parmesan & Yohe, 2003) . Unfortunately, the microbial world has been scarcely analyzed. Consequently, the effects of climate change are best understood for the animals and plants that for organisms as abundant and important as microbes.
The adaptation studies of microbes to global warming are indispensable, as biogeochemical cycles depend of microbial activity. In particular, the tolerance of phytoplankton to global warming is extremely relevant as these organisms are the primary producers of aquatic ecosystems (Kirk, 1994; Falkowski, & Raven, 1997) , responsible for approximately half of the global net primary production (Behrenfeld et al., 2001) . Phytoplankton also has a key role in biogeochemical cycles of carbon, nitrogen and phosphorus (Falkowski, Barber, & Smetacek, 1998) .
Although the lower trophic levels, such as the primary producers (phytoplankton) are usually considered less sensitive to environmental changes than their consumers or predators, alarming data suggest that phytoplankton biomass and productivity have declined since 1950 due to global warming (Behrenfeld et al., 2006; Boyce, Lewis, & Worm, 2010) .
In aquatic environments, phytoplankton experience temperature fluctuations on many different time-scales, but their ability to cope temperature changes could be compromised by the current rise in global temperature. The global temperature has increased around 0.6 °C during the last 100 years (Houghton et al., 2001) , and current climate change models predict a further increase of 1-7 °C by the year 2100, relying on the CO 2 emission (Magnuson et al., 1997; Meehl et al., 2007) . However, greater changes are observed at higher northern latitudes, and most land areas are warming more rapidly than oceans (Intergovernmental Panel on Climate Change [IPCC], 2007) . Under this rapid temperature increase phytoplankton mainly relies on mechanisms to cope with local environmental alterations, such as phenotypic plasticity and genetic adaptation, since the water mass circulation controls its spatial distribution.
A recent work investigated, at the level of individual species, the maximum capacity of adaptation to a gradual warming process in species belonging to various ecological niches, as well as comparing the inter-specific response as a function of the natural habitat and taxonomic group (Huertas, Rouco, López-Rodas, & Costas, 2011) . This work has given us a first insight into the response of phytoplankton communities to an expected environment alteration, for instance the temperature increase, that shows there is a high variability in the maximum capacity of adaptation associated with the taxonomic group and natural habitat. The experimental design used by Huertas et al. (2011) , the so-called ratchet protocol, is the perfect tool to investigate maximum adaptation capability. However, this technique does not accurately discern between the mechanisms underlying the adaptation process (i.e. physiological acclimatization, pre-selective mutations or adaptive mutations) in waters whose temperature is increasing.
In this work, we carried out a mechanistic approach to disentangling causes of adaptation of phytoplankton to temperature increase. Based on classic concepts on adaptation to environmental change (Fisher, 1930; Lewontin, 1974; Sniegowski & Lensky, 1995) , and recent experimental work on adaptation of phytoplankton to global change (Garcia-Villada et al., 2004; López-Rodas, Maneiro, Lanzarot, Perdigones, & Costas, 2008; Marvá, García-Balboa, Baselga-Cervera, & Costas, 2014; García-Balboa et al., 2013) , and warming (Flores-Moya et al., 2005; Huertas et al., 2011; Rouco, López-Rodas, Flores-Moya, & Costas, 2011; Romero, López-Rodas, & Costas, 2012) , we hypothesise a conceptual model to explain phytoplankton adaptation to temperature increase: i) under low levels of environmental stress, physiological acclimatization would be able to allow adaptation;
ii) when the temperature increases beyond the level of physiological adaptation, the pre-existing genetic variability could allow adaptation of some genotypes;
iii) finally, after a certain temperature threshold, only the occurrence of new thermal-resistant mutants can assure adaptation.
We analysed this conceptual model in various common phytoplankton species belonging to different taxonomic groups and isolated from continental water bodies, coastal waters and the Open Ocean. Our experimental model provides evidence for assessing how phytoplankters might respond and evolve to the temperatures envisaged for the near future. In addition, the nature of these resistant cells was investigated in an attempt to distinguish between temperature-resistant cells arising by direct and specific adaptation in response to thermal stress, versus temperature-resistant cells arising by rare spontaneous mutations occurring randomly before thermal stress. Note. CWB= continental waterbodies; COA = coastal waters; OPE = open ocean.
Methods

Species Used
Disentangle the Causes of Phytoplankton Adaptation to Temperature Increase
In order to assess the adaptation process that takes place in each of the species as a response to an increase of temperature, two different experiments were performed:
The effect of warming was estimated by monitoring growth of different strain under increasing temperatures. We inoculated triplicates of each strain with 5 × 10 5 cells (N 0 ) from mid-log exponentially growing cultures. Each strain was grown axenically in cell-culture flasks (Greiner; Bio-One Inc., Longwood, NJ, USA) with 20 ml of f⁄2 medium (marine species) (Sigma-Aldrich, Germany) or BG11 medium (freshwater species) (Sigma-Aldrich, Germany) at 15, 20, 25, 30 and 35 ºC under 30 µmol m -2 s -1 light. Each strain was maintained for 20 days under these conditions. Afterwards, the final number of cells was blind counted (i.e. the person counting the test did not know the identity of the tested sample), using a Beckman (Brea, CA, USA) Z2 particle counter, except M. aeruginosa, which were counted using a Uriglass settling chambers (Biosiga, Cona, Italy) in an inverted microscope (Axiovert 35, Zeiss Oberkóchen, Germany) because cell aggregation prevents reliability of results using a particle counter in this species. We consider that a strain grow under a given temperature when Nt > 5.5 × 10 5 cells.
International Journal of Biology Vol. 6, No. 4; Two different results can be found, each of them being interpreted as the independent consequence of two different phenomena of adaptation:
i) If all the strains (genotypes) of a species are able to grow after a temperature increase, then a physiological acclimatization to temperature increase is enough to assures adaptation to that temperature (without effect among strains of genetic individual differences);
ii) In contrast, if only some strains (genotypes) of a species are able to growth after a temperature increase and others do not, then there are preexisting genetic variability among strains of this species in adaptation to increasing temperature.
Experiment 2
A temperature increase above a certain limit, the pre-existing variability is not capable to cope with high temperatures (i.e. all the strains of a species are unable to growth under this temperature). Once reached this limit temperature value, massive cell destruction takes place. However, some microalgae could survive at such high temperature as a result of two different mechanisms:
i) Adaptation induced directly by the temperature increases (i.e. as a result of post-selective adaptive mutations that occur in response to temperature increase).
ii) Adaptation not induced by temperature (i.e. as a result of selection of rare pre-selective spontaneous mutations that occur prior to temperature increase).
A modified Luria and Delbrück (1943) In set 1 experiment, around 90 culture flasks per species and temperature were used. Each culture was inoculated with a small enough number of cells to ensure the absence of pre-existing mutants in the culture (N 0 ≈ 100 cells) and growth in 5 ml medium at 22 °C (non-selective conditions) until a final population of Nt ≈ 10 5 cells was reached. The cultures were subsequently exposed to temperatures of 30 ºC (P. triestinum, N. closterium) or 35 °C (M. aeruginosa, T. suecica, I. galbana) as selective conditions. For set 2 (control) around 40 culture flasks containing 5 ml of medium were inoculated with aliquots of Nt ≈ 10 5 cells from the same parental populations (growing at 22 °C) and exposed to selective conditions (temperatures of 30, 35 and 40 °C) simultaneously with set 1. Set 2 served as control group for the experimental error ( Figure 1 ) and tracked the variance within the parental population (the inter-culture flask-to-flask variation), which was expected to be low.
Experiments and controls were maintained under the selective temperature value for 75 days prior to observation (to assure that only one mutant cell could generate enough progeny to be detected). The resistant cells in each culture were then counted.
According to Luria and Delbrück (1943) , two different results can be found in the set 1 experiment, each of them being interpreted as the independent consequence of two distinct adaptation mechanisms (i.e. post-selective or pre-selective mechanisms, respectively): i) If the occurrence of resistant cells is induced by the temperature increase (post-selective mechanisms), then every cell is likely to have the same possibility of developing resistance. Consequently, inter-culture (flask-to-flask) variation will be low (i.e. following the Poisson model, variance/mean ≈ 1) and the variance in the number of cells per culture of set 1 should be similar to variance of set 2 (no fluctuation, Fig. 1 ).
ii) If the resistant cells arise by random mutations that occur spontaneously during the period in which the cultures grow from N 0 to Nt (before the exposure to an increased temperature), then the inter-culture (flask-to-flask) variation would be high (i.e. not consistent with the Poisson model, variance/mean >1) and the variation in the number of cells per culture of set 1 should be significantly higher than those of set 2 (fluctuation, Figure 1 ). The figure represents one mutational event early in the propagation of replicate 1 (therefore, the final density of temperature-resistant cells is high); one late in replicate 3 (therefore, the final density of temperature-resistant cells found is low); and replicate 2 without mutational events. In contrast, no fluctuation indicated that resistant cells arose as a response to selective temperature. Set 2 sampled the variance as an experimental control.
Obviously, another result (0 resistant cells in each culture) could also be found, indicating that non-adaptation to temperature increase took place.
In addition, fluctuation analysis allows estimation of the mutation rates of appearance of resistant cells. The proportion of cultures from set 1 showing non-resistant cells after temperature increase (P 0 estimator) was used to calculate the mutation rate (µ) as follows:
where P 0 is the proportion of cultures with no resistant cells; N 0 and N t represent the initial and the final cell densities, respectively; and µ stands for the mutation rate expressed in mutants per cell division (Luria & Delbrück, 1943) .
If, as expected, the mutation from a wild-type temperature-sensitive allele to a temperature-resistant allele is recurrent (Spiess, 1989) , new temperature-resistant mutants will arise in each generation. Usually, these new resistant mutants are detrimental in fitness under nonselective conditions (Spiess, 1989 ) (i.e. normal temperature). Consequently, new temperature-resistant mutants will arise in each generation, but most of them will be eliminated sooner or later by natural selection under normal temperatures. Eventually, at any given time there will be a certain Vol. 6, No. 4; number of resistant mutants (at frequency q) that will not be eliminated. The balance between recurrent occurrence of temperature-resistant mutants (at rate µ) and the rate of selective elimination of these mutants (at coefficient s) will determine the average number of such temperature-resistant mutants within the populations, according to the equation, (Kimura & Maruyama, 1966) :
The selection coefficient was calculated according to the equation:
where m r and m s are the Malthusian fitness (growth rates) of temperature-resistant and wild-type sensitive genotypes, respectively, measured in non-selective temperature (i.e. 22 °C).
Results
The role played by the different mechanisms that allow adaptation of phytoplankton to temperature increase (physiological acclimatization, adaptation based on pre-existing genetic variability and occurrence of new mutations that confer resistance) of phytoplankton organisms is summarized in Table 2 . The phytoplankton organisms are able to cope with slight temperature increases by mean of physiological acclimation. So, physiological acclimatization allow adaptation of P. triestium and N. closterium up to 20 ºC and of M. aeruginosa, T. suecica and I. galbana up to 25 ºC (Table 2) . Until these temperatures all the clones (genotypes) of each species were able to grow.
When the temperature increases, only some strains (genotypes) of each species are able to proliferate (e.g. from the 26 strains of M. aeruginosa only 14 were able to grow at 30 ° C, or from the 18 strains of P. triestinum only 5 were able to grow at 25 °C; Table 2 ). These differences existing among the different strains (genotypes) of each species denote the pre-existing genetic variability for temperature resistance.
If the temperature is further increased, the thresholds for physiological acclimatization and pre-existing genetic variability are exceeded and only the occurrence of new mutations could guarantee the survival of the species. When M. aeruginosa T. suecica and I. galbana were exposed to 35 ºC or P. triestium and N. closterium were exposed to 30 ºC during the fluctuation experiments, the cell density was drastically reduced. This result was evident in all experimental cultures of sets 1 and 2, and for all species, owing to destruction of sensitive cells by the lethal effect of the temperature. However, after further incubation for 75 days, some cultures increased in density again, apparently due to growth of temperature-resistant variants. In the case of set 1, only some cultures showed appreciable cell growth. By contrast, all set 2 cultures recovered and temperature-resistant cells were detected in all the replicated tubes (Table 3) . Fluctuations in the number of temperature-resistant cells were observed in set 1 experiment (variance/mean ratio > 1; P < 0.001 using χ2 as a test of goodness of fit), in contrast with low fluctuation of set 2 controls (variance/mean ratio ≈ 1, consistent with Poisson distribution; P < 0.05). As the large fluctuation found in set 1 cultures is related to processes different from the sampling error, it could be inferred that temperature-resistant cells have arisen from rare, pre-selective spontaneous mutations occurring randomly during replication of organisms prior to exposure to the high temperatures, rather than by specific occurrence of resistant cells appearing in response to the temperature increase. The mutation rates from temperature sensitivity to temperature resistance ranged arround 10 -6 . Table 3 Adaptation based on the occurrence of new mutants that confer resistance yes no www.ccsenet.org/ijb
International Journal of Biology Vol. 6, No. 4; Temperature-resistant mutants growing under normal temperatures showed lower fitness values than those found in the wild-type temperature sensitive strains. The relative values of fitness of resistant mutants and sensitive wild types were used to estimate the coefficient of selection (s) of temperature-resistant mutants under normal temperature (Table 2) . By using the values of μ and s, the frequency (q) of resistant alleles in the wild-type population as a consequence of the balance between mutation and selection was calculated. As the result, the frequency of resistant alleles maintained in populations under normal temperature ranged between 1.2 temperature-resistant mutants per 10 6 sensitive cells in M. aeruginosa and 6.6 temperature resistant mutants per 10 6 sensitive cells in T. suecica (Table 3) .
Obviously, temperature reaches a threshold at which organisms are unable to adapt (M. aeruginosa, T. suecica and I. galbana were unable to adapt to 40 °C, whereas P. triestium and N. closterium were unable to adapt to 35 ºC; Table 2 ).
Discussion
Very little is currently known on phytoplankton capabilities in response to climatic selection pressures under an adaptive point of view. Experimental research mimicking temperature-increasing scenarios can be considered a novel way to explore the adaptation of phytoplankton to predicted future thermal scenarios. Such experiments show that phytoplankton organisms can survive under increasing temperatures as a result of physiological adaptation (i.e. acclimatization). Physiological acclimatization allowed all the strains from the five analyzed species survive under a low temperature increase. Consequently, it can be concluded that usually the phenotypic plasticity must be able to cope to the global temperature increase during the last century (around 0.6 °C, Houghton et al., 2001) , and perhaps allow adaptation to temperature increase under a low CO 2 emission scenario (around 1.18 ºC, Meehl et al., 2007) . Vol. 6, No. 4; However, when environmental stress exceeds the physiological limits, survival depends exclusively on adaptive evolution supported by the occurrence genetic changes (Sniegowski & Lenski, 1995) . As the temperature rises above physiological acclimatization capacity, only the genetic mechanisms allows adaptation. It is commonly assumed that the preexisting genetic variability ensures the adaptation of the population (reviewed in Fisher, 1930 and Lewontin, 1975) . All the species analyzed here presented genetic variability for thermal resistance. This preexisting genetic variability allows that some genotypes can be adapted to high temperature (i.e. some genotypes resistant until 5 °C more than others). About this, Costas, Baselga-Cervera, García-Balboa and López-Rodas, (2014) measured the heritability of fitness (i.e. proportion of variance in fitness that has genetic basis) under increasing temperatures, using an experimental quantitative genetic procedure suitable to phytoplankton populations. The results reveal that there is enough genetic variability in fitness within the population of phytoplankton to assure adaptation to temperature increase, even under a intermediate CO 2 emission scenario.
It is accepted that short-term unpredictable stress is best met by physiological acclimatization, whereas continuous stress can be met by genetic adaptation (Bradshaw & Hardwick, 1989) . Conceivably, phytoplankton could face to low CO 2 emission scenario by mean of physiological acclimatization, but if a warming is maintained over time, the phytoplankton populations could change genetically.
It is usually assumed that genetic adaptation is achieved slowly. However, recent studies are changing many preconceived notions about the adaptation of microalgae to extreme environments. So, microalgae can adapt very quickly to powerful algaecides such as copper (Garcia-Villada et al., 2004) , modern herbicides like glyphosate, simazine and diquat (López-Rodas et al., 2007 , Marva et al., 2010 Huertas et al., 2010) ) and even uranium (Baselga-Cervera., López-Rodas, García-Balboa, Garcia-Balboa et al., 2013) . In all these cases a single mutation is enough to achieve rapid adaptation. Adaptation to warming is much the same. When the temperature rises above a certain level, the pre-existing genetic variability is not able to ensure the adaptation, as in the case of M. aeruginosa T. suecica and I. galbana at 35 ºC or P. triestium and N. closterium at 30 ºC. However, the occurrences of new mutations that confer thermal resistance allow phytoplankton adaption to temperature increase. Fluctuation analysis shows that thermal-resistant cells arose by rare spontaneous mutations, and not through direct and specific adaptation in response to temperature increase.
The mutation rates in the five strains of microalgae were found to be in the middle of the range of the mutations rates for resistance to algaecides, herbicides, pesticides, heavy metals, extreme environments and others Fernandez-Arjona et al., 2013; Marvá et al., 2014; Romero-López, Costas, & López-Rodas, 2014) . Mutation is recurrent and new resistant mutants arise each generation, but most of them disappear eventually due to natural selection or chance. At any one time, the balance between the continuous appearance of mutants and their selective elimination determines the number of remaining temperature-resistant mutants in microalgae populations growing under their normal temperature. Accordingly, the population would be predominantly a line of wild-type temperature-sensitive genotypes, accompanied by a very small fraction of temperature-resistant clone lines. Therefore, the frequency of mutants present in the population should be enough to assure survival of phytoplankton populations in this age of global warming.
Additionally, recurrent exposure to changing temperatures could enhance the frequency of temperature-resistant alleles as the consequence of mutation-selection equilibrium. This could be very relevant in the case of inland waters species such as M. aeruginosa, or some coastal species such as T. suecica. Taking into account that all these species live in ecosystems where temperature variation is very common, our result seems coherent with the fact that the frequency of the resistant allele under growth in the normal temperature range was 10 times higher in these species than in P. triestinum and N. closterium, which are not naturally exposed to sudden changes in water temperature. For example, accurate circannual rhythms controlling the formation and germination in dinoflagellates cysts ensure that the free-living stages only face favourable environmental conditions (Costas & Varela, 1989) .
This capability of microalgae to adapt to temperature increase by means of mutation at one gene could have significant implications for the survival of microalgae under the temperature increase expected in a scenario of high CO 2 emissions. These heat-resistant mutants present a detriment in fitness. Although phytoplankton can adapt to global heating, its growth and primary production will decrease, not only for oceanographic reasons, but because the heat-resistant genotypes that will survive are less productive. Furthermore, no adaptation is possible for neither of the species of study at 40 ºC, and only three out of five species (M. aeruginosa, T. suecica and I.
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International Journal of Biology Vol. 6, No. 4; galbana) were able to adapt at 35 ºC. This information give us an idea of the temperature limit that phytoplankton could stand.
Although there still remain many uncertainties concerning the impact of global warming on phytoplankton communities, rare spontaneous mutations conferring resistance seem able to ensure the survival of many phytoplankton species. Warming also could induce a progressive replacement of the most sensitive functional phytoplankton genotypes and species by those that are more resistant. The impact of this possible scenario of temperature resistant mutants arising and replacing the sensible ones is virtually inscrutable.
